To test whether maternal hypoglycemia can impair organogenesis, we induced brief glucopenia with insulin in conscious pregnant rats during either the headfold stage or the early neural tube closure stage of embryogenesis. At each time, 10 pairs of animals received identical insulin infusions for 1 h. Half the animals were maintained at euglycemia during the infusions, while the others were allowed to become hypoglycemic. Euglycemia was maintained or restored in all animals immediately after the insulin was stopped. Spontaneous activity was diminished during the hypoglycemia but consciousness was preserved. Embryos were removed from mothers and examined 2 d later. This examination revealed that embryos from the hypoglycemic mothers were growth-retarded and displayed a small but significant incidence of gross developmental anomalies compared with embryos from the insulin-infused euglycemic mothers. Thus, brief, mild maternal hypoglycemia during early organogenesis can disrupt normal embryo development in the rat. The effect is due to the hypoglycemia per se rather than to the insulin employed for its induction.
Introduction
In previous studies, we have shown that postimplantation mammalian embryos depend on uninterrupted glycolysis for normal growth and development during early organogenesis; interference with glycolytic' processes at this time resulted in generalized growth retardation as well as the production of developmental abnormalities of nervous, cardiovascular, skeletal, and other systems ("The Honeybee Syndrome" [1] [2] [3] ). Our observations prompted the suggestion that seemingly unrelated environmental agents or events might be teratogenic by virtue of their ability to impair glycolysis in the conceptus at critical times in development (1, 2) . This possibility may be particularly relevant to recent trends in the management ofpregnancies complicated by diabetes mellitus. Physicians are now attempting very "tight" regulation of maternal diabetes during early pregnancy in an effort to reduce the incidence ofbirth defects in infants ofdiabetic mothers (4) . This practice may increase the frequency ofmaternal hypoglycemic episodes during critical phases of organogenesis. We have previously proposed that such hypoglycemia during early pregnancy could impair development by limiting the availability of glucose for obligate glycolysis at critical points in embryogenesis (5) . We now report that a relatively brief period of insulin-induced maternal hypoglycemia during early organogenesis in the rat does disrupt normal development and that this effect occurs independently of any direct embryotoxicity of insulin.
Methods
Animals. Virgin female rats ofthe Sprague-Dawley strain were obtained from Charles River Breeding Laboratories, Wilmington, MA. After at least 3 d ofstabilization in an artificially lighted, controlled environment chamber (dark cycle, 1800-0500 h) with free access to a laboratory diet (Purina Rat Chow, Ralston Purina Co., St. Louis, MO) and tap water, females weighing 250±25 g were housed overnight with normal males of the same strain. Mating was confirmed by the presence of sperm in the vaginal smear the following morning. Midnight ofthe night of mating was designated day 0 of embryo development; the subsequent 24 h were considered the first day of gestation (6) . Sperm-positive females were housed singly in cages with free access to water and laboratory diet except during infusions (see below). Animals and food were weighed daily between 0800 and 1000 h to assess the effects of experimental procedures on body weight and food consumption.
Infusion apparatus. Techniques employed for the placement of indwelling jugular blood sampling catheters and tail vein infusion catheters have been described in detail elsewhere (3) . Briefly, between 1600 and 1800 h on the seventh day ofgestation (day 6.7 ofembryo development), each animal underwent placement of a sterile polyethelene catheter into the right internal jugular vein during light ether anesthesia. Catheters were exteriorized over the occiput, filled with heparin solution (100 U/ ml in 0.9% saline), and flushed twice daily to maintain patency. These catheters permitted the sampling of mixed venous blood from unrestrained animals.
Between 0700 and 0900 h on the 10th day of gestation (day 9.3 of embryo development), additional sterile polyethelene catheters were placed in both lateral tail veins while animals remained conscious but were briefly restrained in towels. The distal portions of the tail and the infusion catheters were then drawn through a small hole in the side of each animal's cage, fixed there with adhesive tape, and animals were released from their restraints. This arrangement provided separate portals for the infusion ofglucose and insulin while allowing animals the freedom to move about during experiments.
Insulin infusions. Primed (45 mU/kg body weight) continuous (10 mU/kg body weight/min) infusions of crystalline human insulin (Humulin; Eli Lilly & Co., Indianapolis, IN) were administered simultaneously to pairs of 12-h fasted gravida between 1200 and 1300 h (n = 10 pairs) or between 1800 and 1900 h (n = 10 pairs) on the 10th day of gestation (day 9.5 and 9.75 of embryo development, respectively).
Infusions were delivered for 60 min via one tail vein catheter by an infusion pump (model 975; Harvard Apparatus Co., S. Natick, MA) and were designed to produce "square-wave" hyperinsulinemia. Plasma samples were obtained viajugular catheters before and at 10-min intervals during and for 80 min after the insulin infusions. These samples were analyzed immediately for glucose (Beckman Glucose Analyzer II; Beckman Instruments, Inc., Fullerton, CA) and the 0-, 20-, 40-, 60-, 80-, 100-, 120-, and 140-min specimens were stored at -15'C for subsequent analysis.
One animal in each pair (designated "euglycemic") received an infusion of dextrose (10% wt/vol in water) via the remaining tail vein catheter beginning 4 min after the start of the insulin infusion. Dextrose infusions were initiated at a rate of 30 mg/kg body weight/min and were adjusted at 10-min intervals, based on plasma glucose measurements, to maintain plasma glucose at preinfusion levels. The other animal in each pair (designated "hypoglycemic") received no dextrose during the -h insulin infusion, but was returned to preinfusion glycemic levels with a variable-rate infusion of dextrose starting at the end of the insulin infusion. Dextrose infusions were continued in all animals until plasma glucose remained stable in the absence of exogenous dextrose (within 40 mnin after the termination of insulin infusions in all cases). Animals remained in tail restraints with free access to food and water after the infusions.
Examination of embryos. At 1400 h on the 12th day of gestation (day 11.6 of embryo development) gravida were sacrificed by cervical dislocation. Uteri were excised rapidly, rinsed, and immersed at room temperature in 20 ml of 0.9% saline contained within a petri dish. Individual "embryo units" consisting of the embryo and associated membranes were freed of surrounding decidua and introduced into a second petri dish containing 20 ml ofsaline. Embryos and investing membranes were teased apart with fine jewelers' forceps during visualization with a stereomicroscope (Model M5A; Wild Heerbrugg Instruments, Inc., Farmingdale, NY) and the total number of somites and the crown-rump length (the maximum length of the embryo in its natural position [7] ) were determined for each embryo. Embryos were then individually inspected to determine whether the morphology ofthe brain spheres, neural tube, heart, optic and otic vesicles, limb buds, branchial arches, and axial curvature conformed to that expected at day 11.6 of development (7). Embryos not conforming to this normal morphology in any ofthe above structures were considered dysmorphic. After visual inspection, individual embryos were introduced into 0.5 N NaOH for the subsequent determination of total protein (8) and DNA (9, 10) content. These determinations were performed by an individual who was unaware of the conditions (i.e., euglycemia or hypoglycemia) to which the embryos had been exposed.
Materials and analytical methods. Insulin for infusions was diluted in a sterile solution containing 0.01 ml ofautologous plasma per milliliter of 0.9% saline. Plasma immunoreactive insulin (IRI)' concentrations were determined by double antibody radioimmunoassay using human insulin standard (Novo Laboratories, Bagsvaard, Denmark) and guinea pig anti-beef insulin antibody. Plasma samples from matched pairs of animals were assayed simultaneously in all instances. Plasma fl-hydroxybutyrate concentrations were determined enzymatically (11) after specimens were deproteinized with perchloric acid.
Statistical analysis. All data are presented as group mean values plus or minus one standard error. Intergroup differences in the prevalence of morphologic lesions and resorbed embryos were assessed by Fisher's exact test or chi-square analysis. All other comparisons were performed using unpaired t tests.
Results
Plasma glucose and IRI. Plasma glucose and IRI levels that were observed during the 60-min insulin infusions and for 60 min thereafter on days 9.5 and 9.75 ofgestation are summarized in the left and right panels of Fig. 1 , respectively.
In the absence of exogenous dextrose, glucose levels in an-
1. Abbreviations used in this paper: IRI, immunoreactive insulin.
imals studied on day 9.5 of development (Fig. 1, left Fig. 1 . The primed, 60-min insulin infusions effected essentially square-wave elevations of IRI in maternal plasma. On day 9.5 of gestation, plasma IRI levels during the insulin infusions averaged 315±11 ,U/ml in the hypoglycemic animals and 290±15 ,U/ml in the euglycemic group ( Fig. 1 ; left bottom).
Maternal plasma IRI during insulin infusions on day 9.75 of gestation averaged 318±27 gU/ml and 318±17 MU/ml in the hypoglycemic and euglycemic gravida, respectively (Fig. 1, right top). In all groups, maternal IRI levels returned to preinfusion values within 20 min after the insulin infusions were stopped.
(B-hydroxybutyrate concentrations were measured in plasma from six of the hypoglycemic mothers, three from the day 9.5 group and three from the day 9.75 group. Both during (20-min and 60-min samples) and after (80-min, 100-min, and 140-min samples) the insulin infusions, the levels were uniformly <1.3 mmol/liter, which is well below the ,-hydroxybutyrate concentrations that we (12) and others (13) have found to be teratogenic to rat embryos in vitro.
Behavioral changes were observed only in the two hypoglycemic groups. Within 20 min after the start of the insulin infusions, hypoglycemic gravida manifested decreased alertness and diminished spontaneous activity. The changes were mild and similar on days 9.5 and 9.75 of gestation. No animals displayed seizure activity and all remained awake and responsive to tactile stimuli. These behavioral changes persisted for 10-20 min after the discontinuation of insulin infusions. At that time, plasma glucose had been restored to preinfusion levels with exogenous dextrose and all animals resumed normal activity patterns.
Maternal nutrition did not appear to be affected by the brief interval ofhypoglycemia. Mean values for daily food intake and body weight change between days 9.5 and 11.6, i.e., the interval during and after the insulin infusions, were not significantly different between groups of pair-infused euglycemic and hypoglycemic mothers (Table I) "A Body weight" refers to change in body weight. "Day 9.5" and "Day 9.75" refer to the stage of embryo development at which 60-min insulin infusions were begun into paired "euglycemic" and "hypoglycemic" pregnant rats, as described in text. Numbers in parentheses denote the number of pregnant animals in each group. None of the differences between groups was statistically significant (all P > 0.05).
10 euglycemic and 10 hypoglycemic animals studied on day 9.5 of development provided 148 and 138 embryos, respectively. Mean litter sizes (14.8±0.6 vs. 13.8± 1.1) and the total number of resorbed conceptuses (7 vs. 6) were not significantly different between these two groups. However, morphometric examinations disclosed significantly lower values for crown-rump length and somite number in the embryos from the hypoglycemic group; compositional analyses revealed significantly lower values for total protein and total DNA content as well (Table II) . That these differences reflected developmental retardations in the hypoglycemic group rather than accelerated growth in the euglycemic group was corroborated by examining embryos on day 11.6 from mothers that had received no treatment of any kind ("uninfused"; Table II ). Values for crown-rump length, somite number, total protein, and total DNA in 107 embryos from eight uninfused dams were indistinguishable from those observed in the embryos from the euglycemic mothers, but were significantly greater than values in the embryos that had been exposed to 60 min of maternal hypoglycemia on day 9.5 (Table II) . In addition to this generalized retardation in growth, maternal hypoglycemia on day 9.5 was associated with grossly anomalous development in three embryos. These normal axial rotation and cardiac differentiation. Two of the three displayed grossly deranged optic vesicle and somite development as well. All embryos from the euglycemic group of animals infused on day 9.5 were normally developed at day 1 1.6. Findings were similar in embryos from mothers infused at day 9.75 of development. Neither mean litter sizes (13.3±1.2 vs. 13.7±0.8) nor the total number of resorbed conceptuses (4 vs. 3) differed between euglycemic and hypoglycemic groups. Values for crown-rump length, somite number, total protein, and total DNA in 137 embryos from 10 hypoglycemic mothers were significantly reduced when compared to these parameters in 133 embryos from the 10 euglycemic control animals or in the 107 embryos from the uninfused mothers (Table II) . Dysmorphogenic changes were present in nine embryos from five of the hypoglycemic mothers but in only one embryo from a euglycemic mother (P < 0.02). In four of the nine, the abnormality was limited to a persistently open posterior neuropore. This finding could have been consistent with the degree of developmental delay seen in each case, since the posterior neuropore is the last portion of the neural tube to close. However, the other five embryos displayed morphological features that are not encountered during the normal developmental sequence in the rat. Therefore, these features could not be explained by developmental retardation alone. They included microencephaly and malformed brain spheres (four embryos), abnormal somite development (three embryos), abnormal axial rotation (two embryos), persistent opening ofthe anterior neuropore in the presence ofa closed posterior neuropore (one embryo), and "squirrellike" (14) fusion of the anterior and posterior neural folds (one embryo). The single abnormal embryo from the euglycemic group was found to have a circumferential constriction at the level ofthe anterior limb-bud with hypoblasia of structures posterior to this. Brain, cardiac, and neural tube development and axial rotation were normal in this embryo.
Examination of frequency distribution plots for embryo total protein and DNA suggested that some degree of growth retardation was a generalized phenomenon in the embryos exposed to maternal hypoglycemia. These plots were distributed in a Gaussian fashion in all four experimental groups, but were shifted toward lower protein and DNA values in the hypoglycemic groups compared with their respective euglycemic controls. Thus, it appeared that few ofthe embryos from hypoglycemic mothers had reached their expected growth by day 1 1.6 ofdevelopment.
To assess whether the vulnerabilities to a briefhypoglycemic insult were different on day 9.5 than on day 9.75 ofdevelopment, we compared litter mean values for total embryo protein between matched pairs of euglycemic and hypoglycemic mothers. The average reductions in total protein between matched litters tended to be greater after hypoglycemia on day 9.75 than on day 9.5 (19.3±4.2% vs. 1 1.2±2.8%), although this difference did not achieve statistical significance (P > 0.05). Similarly, the seemingly greater incidence of embryos with dysmorphogenesis in the day 9.75 (9/137) than in the day 9.5 (3/138) hypoglycemic group was not statistically significant (P > 0.05).
Discussion
In these studies, transitory hypoglycemia was induced in pregnant rats at two points in early organogenesis. Day 9.5 of gestation was selected as a time at which the neural plate is established in the postimplantation rat embryo but vascularization of the yolk sac has not yet been initiated; day 9.75 was chosen as a somewhat later stage when somites are forming, neural folds are beginning to appose, and vascular islands are appearing in the yolk sac. Previous studies from this laboratory have shown that normal development is largely dependent upon uninterrupted glycolysis at both of these phases of embryogenesis (1) (2) (3) . Accordingly, we felt that they might constitute suitable time points for testing whether maternal hypoglycemia can impair the normal developmental sequence in the rat embryo. To accomplish this, we used insulin infusions by square-wave delivery to effect circumscribed periods ofhypoglycemia in mothers. We simultaneously maintained paired insulin-infused control animals at normoglycemia with exogenous dextrose to test for any potential teratogenic effects of insulin per se (15) (16) (17) (18) (19) . We limited the duration of the hypoglycemia to 1 h and opted for a mild glucopenia that would not disrupt maternal consciousness in order to mimic the type ofhypoglycemia that may occur during clinical attempts at strict diabetes control. Finally, we examined embryos -2 d after the hypoglycemic exposure to maximize the likelihood of detecting any modifications of normal embryogenesis.
Within this framework, we found unequivocal evidence that mild insulin-mediated maternal hypoglycemia can impair the growth and development of the early postimplantation rodent embryo. We observed a small incidence of developmental anomalies in association with a generalized retardation ofgrowth on day 1 1.6 ofdevelopment in embryos from mothers rendered hypoglycemic for 1 h on day 9.5 or day 9.75. Although we do not know the extent to which these phenomena will persist until birth, the occurrence at day 1 1.6 of sporadic dysmorphogenesis in a setting of overall impaired growth is consistent with our previous experiences with fuel-mediated teratogenesis (1) (2) (3) 20) and with the suggestions of others (21, 22) . In our present experiments, neither the magnitude of the growth retardation nor the frequency ofmalformations was statistically different between the embryos exposed to maternal hypoglycemia during the head fold stage (day 9.5) and those exposed during the early apposition of neural folds (day 9.75). Thus, we could not document any developmental stage specificity for the abnormalities induced by maternal hypoglycemia during the intervals that we studied. Further investigation will be required to determine whether a similar vulnerability to glucopenic insults is present during other phases of embryogenesis.
The proximate cause ofthe embryotoxicity that we observed in association with maternal hypoglycemia cannot be ascertained from the present experiments. Clearly, insulin itself was not the cause since plasma insulin levels did not differ between euglycemic and hypoglycemic mothers studied at the same developmental phase. Likewise, daily food intake and weight gain were similar between these groups, so that differences in maternal nutrition cannot be invoked to explain the developmental abnormalities that we observed. Based on our previous studies (1-3) and the in vitro experiences of others with rodent embryos cultured in glucose-depleted media (23, 24) , we would suggest that these abnormalities were due to the briefly diminished availability of glucose per se. However, we cannot exclude the possibility that maternal counterregulatory responses to hypoglycemia may have been involved as well. Nonetheless, since each of the latter is part ofthe normal physiological response to intracellular glucopenia in mammals (25) (26) (27) (28) , the maternal hypoglycemia must be deemed the initiating event and hence a real risk factor during early organogenesis.
Previous attempts to evaluate the effects on the conceptus of maternal insulin-induced hypoglycemia during early mammalian pregnancy have entailed prolonged and severe glucopenia. Thus, the developmental defects that have been reported after the administration of protamine zinc insulin to rats (29, 30) or mice (31) or pharmacological doses of insulin to rabbits (32) during early pregnancy occurred in association with seizures (31, 32), deaths (29, 31, 32), and prolonged (i.e., up to 36 h [30] ) hypoglycemia in mothers. The relevance of those observations to the generally mild and evanescent hypoglycemia that occurs during clinical attempts at strict diabetes control has therefore been unclear. Furthermore, none of these earlier studies evaluated the potential for direct effects ofinsulin on the conceptus, which are of some concern in view of the embryotoxic actions that have been ascribed to insulin in the chick (15) (16) (17) (18) (19) . Our experimental design enabled us to overcome these limitations and thereby to demonstrate for the first time that a relatively mild and briefepisode of maternal insulin-induced hypoglycemia during early mammalian organogenesis may be embryotoxic, and that this phenomenon is independent of any direct toxic effects of insulin.
Since studies analogous to the present one cannot be performed in human pregnancy and may be logistically prohibitive in subhuman primates, it becomes important to determine if our findings may be extrapolated to clinical practice. Clearly, a definitive answer cannot be provided. Indeed, previous clinical analyses have failed to disclose an increased incidence of birth defects in the infants of mothers sustaining episodes of insulininduced hypoglycemia during pregnancy (33) (34) (35) (36) . Those reports need not be inconsistent with the findings of the present study. We have focused on the interval during rat embryogenesis between the beginning of neurulation, when nutrient delivery to the conceptus must occur by simple diffusion, and the establishment of the yolk sac and allantoic placental circulations, when more direct access to the maternal circulation presumably becomes possible. Previous studies have shown that development in the rat is primarily dependent on glycolysis during this period (1) (2) (3) (37) (38) (39) (40) . Although an analogous glycolytic dependence has not been clearly established in human embryos, comparable developmental events occur in humans between day 18 (beginning ofneurulation) and day 22 (placental vascularization and initial circulation) (41) (42) (43) . Thus, if human embryos are likewise susceptible to glycolytic interruption at this phase ofembryogenesis, the period of vulnerability may be maximal during the latter part of the third week of development. Previous clinical studies which have not focused on hypoglycemia occurring during this interval may have overlooked an embryotoxic effect, although appropriate clinical data may be forthcoming from the ongoing Diabetes in Early Pregnancy Study (44) .
For the moment and in light of the above, a reappraisal of recent clinical approaches to the management of diabetes in early pregnancy may be appropriate. Although poorly controlled maternal diabetes has been linked to birth defects in offspring both clinically (45) (46) (47) and experimentally (48) (49) (50) , the extent to which metabolic control must be improved to mitigate this teratogenesis has not been determined. Miller et al. (46) and Ylinen et al. (47) failed to detect an increased incidence of birth defects in infants whose mothers had mildly elevated hemoglobin Al, levels near the end of the first trimester of pregnancy (up to 8.5% ofthe total hemoglobin in the former study and up to 7.3% in the latter); the risk ofbirth defects was increased in association with higher glycohemoglobin levels in both studies. These findings, together with emerging clinical experiences (4), support the concept that improved diabetic control during early pregnancy may reduce the risk of birth defects in infants but they do not indicate that a complete normalization of maternal metabolism will be required to achieve this goal. Nonetheless, ifhypoglycemia posed no risk to embryos, then attempts to fully normalize blood sugar levels during early pregnancy might seem justified until the precise degree of metabolic control that will be necessary to prevent birth defects has been defined. However, the present study clearly shows that a relatively brief period of maternal hypoglycemia is indeed embryotoxic in at least one mammalian species. Thus, although our findings cannot be directly extrapolated to humans, they do suggest that a cautious approach to improved blood sugar regulation during early pregnancy may well constitute the best therapeutic course of action for all who, like ourselves, favor "meticulous control" (28) at all other time points in pregnancy complicated by diabetes mellitus.
